Understanding exoelectrogenic reactions of the bioanode is limited due to its complexity and the absence of analytics. Impedance and thermodynamics of bioanode, abiotic anode, and riboflavin-amended anode were evaluated. Activation overpotential of the bioanode was negligible compared with that of the abiotic anode. Impedance spectroscopy shows that the bioanode had much lower charge transfer resistance and higher capacitance than the abiotic anode in low frequency reaction. In high frequency reaction, the impedance parameters, however, were relatively similar between the bioanode and the abiotic anode. At open-circuit impedance spectroscopy, a high frequency arc was not detected in the abiotic anode in Nyquist plot. Addition of riboflavin induced a phase angle shift and created curvature in high-frequency arc of the abiotic anode, and it also drastically changed impedance spectra of the bioanode.
Introduction
Anode biofilm is a crucial component in microbial fuel cells (MFCs) for electrogenesis. The main enzymatic components for electrogenesis of anode biofilm are exoelectrogens, microorganisms that are capable of extracellular electron transfer.
1,2 There have been many physical, chemical, and biological approaches to understand MFC process.
3-8
However, understanding electrochemical reactions of the bioanode is limited due to its complexity and the absence of appropriate analytical methods. Improved understanding of the bioanode process is believed to enhance MFC operation and performance.
Anode biofilm formation was shown to increase power density and capacitance, and decreased charge transfer resistance. For example, development of anode biofilms considerably decreased anodic charge transfer and increased power density. They indicates anode biofilm facilitated electron transfer to the anode surface. [9] [10] [11] [12] Initial development of anode biofilm during the first five days decreased anodic charge transfer resistance by about 40% (from 2.6 to 1.5 kΩ cm 2 at 0.27 A/m 2 ) in a ferricyanide-cathode MFC, with increasing power density by about 120%. 11 Anodic charge transfer resistance decreased by ~75% (from 0.073 to 0.017 kΩ cm 2 at 2.63 A/m 2 ) in an air-cathode MFC, with increasing anodic capacitance during 70-day biofilm enrichment.
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However, previous studies did not compare bioanode electrochemistry with that of abiotic anode, which is a suitable baseline for accurate evaluation.
Riboflavin, also known as vitamin B2 (C 17 H 20 N 4 O 6 ), plays a key role in energy metabolism. Flavin mononucleotide (riboflavin-5-phosphate) is a biomolecule made from riboflavin via riboflavin kinase activity, and it functions as prosthetic group of various oxidoreductases including NADH dehydrogenase. Shewanella species secretes flavins to perform exoelectrogenesis 13 in the subsurface or the MFC condition. In an MFC experiment of S. oneidensis MR-1 and MR-4, more than 70% of electron transfer accounted for flavin mediation. Though riboflavin is very important in mediator-driven bioelectricity generation, their role on electron transfer resistance has not been precisely investigated yet.
Electrochemical impedance spectroscopy (EIS) is an attractive technique to study anode electrochemistry; application of EIS does not sacrifice anode electrode and yields quantitative values of anode electrochemical process.
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With the importance of pH on bioenergy processes, 17 in a recent study of pH effects on the bioanode process, 14 resistance, capacitance, and nonideality constants of two charge transfer reactions were accurately differentiated and quantified using the equivalent circuit model BIOANODE-1, which was used to analyze anode impedance in this study.
We compared impedance and thermodynamics of a bioanode with an abiotic anode to test electrochemical property of the anode biofilm, and also investigated effects of riboflavin on electron transfer using EIS. Impedance parameters of various anodes were characterized using charge transfer resistance, capacitance, and nonideality constants. Thermodynamics were evaluated using anode polarization by modulating poised anode potential. Overall, this study will increase understanding the bioanode electrochemistry.
Experimental
MFC Construction and Operation. Single-chambered MFCs (250 mL) 18 were used with a carbon cloth anode (2.5 cm × 6 cm, 30 cm 2 , BASF Fuel Cell Inc., Somerset, NJ; CC-A) and an air cathode (7 cm 2 of Pt-coated area, four PTFE diffusion layers on a 30 wt % wet-proofed carbon cloth type B-1B, E-TEK) by applying platinum (0.5 mg Pt/cm 2 ) on one side (Fig. 1) . Ag/AgCl reference electrodes (BASi MF-2079, IN) were inserted through a rubber stopper in a sidearm sampling port and sealed using silicon glue.
Phosphate-buffer medium (50 mM, pH 7) containing trace elements (10 mL/L) and vitamins (10 mL/L) was used with amendment of acetic acid (10 mM) for electron donor.
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Suspension (100 mL) from an electricity-producing acetatefed MFC was used to inoculate anode electrode for the bioanode test, however, the abiotic anode was not inoculated. The circuit was connected with 460-Ω resistance in the acclimation step (10 days) and 100-Ω resistance thereafter (an additional 20 days). Riboflavin (MW 376.36, 98%, CAS# 63-88-5, Alfa Aesar) was added at a final concentration of 1 mM to test the effect of exogenous redox mediator.
Anode EIS Analysis. EIS was performed using a potentiostat Reference 600 (Gamry Instrument Inc.) in a fresh medium condition. Anodes were poised at each test potential for 30 minutes, and EIS was performed at each potential with the following conditions: AC potential 10 mV rms, Figure 1 . Single-chambered MFC used in this experiment. Positions of air cathode, carbon anode, titanium wire, and reference electrode were indicated by drawings because cloudy medium in the reactor lowered their visibility. 14 used in this study. It models two sequential charge transfer reactions in the bioanode. R.E. is reference electrode, W.E. is working electrode, Rohm is ohmic resistance, Y is admittance, and a is nonideality constant. Subscript number 1 is associated with a charge transfer reaction detected in high frequency, and number 2 is associated with that in low frequency. Impedance spectra were fitted with BIOANODE-1 by χ 2 -minimization using Echem Analyst (Gamry Instrument Inc.) (Fig. 2) . Equivalent circuit model BIOANODE-1 is composed of two successive RC time constants, where an arc detected in low frequency domain is associated with initiating reactions for bioelectricity generation (R 2 , C 2 and α 2 ) and an arc detected in high frequency domain is associated with the electron transfer reaction (R 1 , C 1 and α 1 ). ) is the radial frequency (ω = 2πf ).
20 Capacitance (C) was calculated using C = (YR p )
1/α /R p , where R p (Ω) is the charge transfer resistance.
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Calculations. Redox potential (or reduction potential) in a hypothetical condition at pH 7 and 303 K (30°C) was calculated using the Nernst equation as previously described.
14 By applying the obtained R p from EIS, the exchange current (i 0 ) was calculated using the Tafel equation R p = RT/nFi 0 , where n is the number of electrons involved in the reaction (8 for complete acetate oxidation). 21, 22 Potential values were Figure 4 . Impedance parameters variations upon the current change. Transitions of charge transfer resistance (R), capacitance (C), and nonideality constant (α) with respect to current development in the bionanode (Bio) and the abiotic anode (Abio). Impedance parameters (R2, C2, and α2) in a left column are related to low frequency reaction in the Nyquist plot, and impedance parameters (R1, C1, and α1) in a right column are related to high frequency reaction.
reported with respect to Ag/AgCl using the equation of Ag/ AgCl = SHE -197 mV.
23

Results and Discussion
Impact of Anode Biofilm on Activation Overpotential. The Bioanode had negligible activation overpotential than that of the abiotic anode. Open circuit potentials (OCPs) were 533 mV for the abiotic anode and −516 mV for the bioanode, and their difference was 1049 mV at open circuit (i ≈ 0) (Fig. 3) . Potential difference increased up to ~1700 mV as current produced more than 100 μA, mainly due to the ~600 mV of activation overpotential in the abiotic anode (Fig. 3) . At pH 7 and 303 K, acetate oxidation has a potential of −503 mV at the initial batch conditions of 5 mM of HCO 3 − and 10 mM of CH 3 COO − used in these experiments, and water electrolysis has a potential of 585 mV assuming 10% of O 2 saturation (0.02 mM) at 30 °C. Measured OCPs of the bioanode (−516 mV) and the abiotic anode (533 mV) were close to the above thermodynamic, which was similar to a previous foundation.
14 When acetate was not added in the abiotic anode system, anodic polarization behaviors and impedance spectra were almost identical to the acetateadded system (data not shown).
Although water hydrolysis (E = 585 mV) needs 1.088 V more potential energy than acetate oxidation (E = −503 mV), water was preferentially used as an electron donor in the abiotic anode even in the presence of acetate (10 mM). Our results demonstrate acetate is not oxidized in the absence of anode biofilm, but rather only water electrolysis occurs at a high anode potential (Fig. 3) . Because catalyst is a substance changing the rate of a chemical reaction, it implies anode biofilm might not be called a catalyst.
In the abiotic anode, a huge activation potential (~600 mV) was detected. Activation overpotential is caused by the slowness of the reaction occurring on the electrode surface.
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Activation overpotential can be minimized by more effective catalyst, increasing surface area, or high temperature in chemical fuel cells. 22 Anode biofilm formation made the acetate oxidation possible and made activation overpotential negligible when it comes to the acetate oxidation.
Impact of Anode Biofilm on Impedance. In the low frequency reaction, the bioanode had lower charge transfer resistance and higher capacitance than the abiotic anode, and the bioanode showed more non-ideal capacitance in both charge transfer processes (Fig. 4) . In the bioanode, R 2 ranged from 36 to 93 Ω, C 2 ranged from 7.6 to 14.9 mF, and α 2 ranged from 0.70 to 0.87 within current range of 160 and 1424 μA. In the abiotic anode, R 2 ranged from 32 to 10680 Ω, C 2 ranged from 2.7 to 3.1 mF, and α 2 ranged from 0.95 to 0.96 within current range of 5 and 1915 μA. The impedance characteristics for the high frequency reaction were relatively similar between the abiotic anode and the bioanode. In the abiotic anode, R 1 ranged from 11.6 to 12.2 Ω, C 1 ranged from 0.025 to 0.026 mF, and α 1 ranged from 0.86 to 0.87 within current range of 5 and 1915 μA. In the bioanode, R 1 ranged from 10.3 to 11.6 Ω, C 1 ranged from 0.047 to 0.063 mF, and α 1 ranged from 0.75 to 0.82 within current range of 160 and 1424 μA.
The presence of the anode biofilm increased capacitance due to its properties as a charge storage body or conductive matrix. 3, 6, 8 Charge double layer is a build-up of charges between an electrode and its surrounding electrolyte. 22 The feasibility of electrochemical reactions depends on the charge densities in the charge double layer. 22 Effective catalysts increase both the accumulation of charges and the probability of a reaction. In this study, total average capacitances (~30 mF) of the bioanode was 10-fold larger than the abiotic anode (~3 mF), possibly due to the dominance of Geobacter sulfurreducens. G. sulfurreducens is a dominant exoelectrogenic strain of the anode biofilm in this tested MFC system. 1, 7, 19, [24] [25] [26] [27] Because G. sulfurreducens utilize acetylCoA transferase or acetate kinase coupled with phosphate transacetylase to initially activate acetate into acetyl-CoA for the sequential central metabolism, 28 acetate could be utilized as an electron donor preferentially and activation overpotential also could be minimized.
Except for the linear decrease of R 2 with increasing current, other impedance parameters of the abiotic anode were relatively constant over the tested current range (Fig.  4) . On the other hand, impedance parameters changed during current development in the bioanode. Total impedance decreased as current increased in the abiotic anode. However, it rapidly increased without any increase of current production in the bioanode (Fig. 5) .
Effects of Riboflavin on Bioanode Electrochemistry. At open circuit, the abiotic anode did not have a high-frequency arc in Nyquist plot (Fig. 6) . Addition of riboflavin (1 mM) mainly affected the high frequency impedance of the abiotic anode and the low frequency impedance of the bioanode. In the abiotic anode, riboflavin induced a phase angle shift and created curvature in the high frequency impedance in Nyquist plots ( Fig. 6(a) and (b) ).
In the bioanode, riboflavin addition drastically reduced Shewanella species secrete flavins such as riboflavin and FMN to perform exoelectrogenesis. 13 It was shown that Shewanella species utilized riboflavin as an electron transfer mediator in MFC condition. 29 In order to create a distinguishable effect of riboflavin, high riboflavin concentration (1 mM) was applied in this research. The phase angle shift and curvature occurrence in high frequency were shown when riboflavin was added to the abiotic anode, indicating riboflavin might activate the high frequency reaction.
In the bioanode, riboflavin addition increased charge storage and charge transfer in the low frequency reaction, which was demonstrated by the changes of capacitance and charge transfer resistance. Exchange current calculated from the Tafel equation increased three times, and it shows that activation overpotential decreased by several orders of magnitude. 22, 30 These results also show riboflavin might increase exoelectrogenic microbial activity because the low frequency reaction was suggested to be intracellular microbial activity 14 and because electron transfer mediator was increased by adding riboflavin.
Conclusion
The bioanode had negligible activation overpotential. The bioanode had lower charge transfer resistance and higher capacitance for the low frequency reaction than the abiotic anode, and it showed more non-ideal capacitance in both charge transfer processes. In the abiotic anode, riboflavin induced a phase angle shift and created curvature in the high frequency arc in Nyquist plots. In the bioanode, riboflavin addition increased capacitance and charge transfer. For future work, anode community analysis upon riboflavin addition would show what microbial groups would be dominant in the redox-shuttle-driven exoelectrogenic condition.
